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ABSTRACT 
Vps1 (Vacuole protein sorting 1), a dynamin-like protein in yeast, is implicated in diverse 
membrane trafficking pathways and localized to many organelles, including the Golgi. It 
has been proposed that Vps1 is functionally linked to clathrin heavy chain 1 (Chc1), but 
the question of how, where, and when they function together remains unknown. Lines of 
evidence suggest that Chc1 and Vps1 are located at the late Golgi. Therefore, I 
hypothesized that Vps1 binds to Chc1 and functions together at the Golgi for efficient 
Golgi-to-endosome membrane trafficking. Using the yeast-two hybrid assay, I present 
evidence that Vps1 binds to the C-terminal region of the Chc1. Loss of Vps1 resulted in a 
mislocalization of Chc1, but not Gga1 adaptor, to the late endosome and to the vacuolar 
rim, suggesting Vps1 is required for Chc1 recruitment to the Golgi. In addition, I found 
that recruitment of Vps1 to the Golgi requires either the middle or the C-terminal domain 
of Vps1, but each of these domains showed reduction in the efficiency of targeting to the 
Golgi. I also found that the mean number of the late Golgi in vps1 mutant cells was 
drastically increased, probably because Vps1’s involvement in the homotypic fusion at 
the trans-Golgi network might be affected in those mutant cells. Taken together, my 
results support the hypothesis that Vps1 functions at the Golgi with Chc1 and provide 
new insights into the activity of Vps1. 
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 1 
INTRODUCTION 
 
Proteins are primary regulators for a diverse range of cellular activities in the cell. 
In eukaryotes, secretory proteins, such as transmembrane proteins located at the plasma 
membrane are synthesized in the rough endoplasmic reticulum (RER) and then delivered 
to the Golgi apparatus via transport vesicles that are coated by COPII (Fig. 1A&B) 
(Bannykh and Balch, 1997). After a series of chemical modifications, mature proteins are 
sorted into transport vesicles (TVs) emerging from the trans-Golgi network (TGN). The 
Golgi-derived TVs are targeted to, via secretory pathways, their final destinations, 
including the plasma membrane (apical or basolateral membranes in polarized cells) and 
intracellular organelles like endosomes and the lysosome (Anitei and Hoflack, 2011a). In 
addition, to retrieve ER and Golgi-resident enzymes, COPI-coated vesicles mediate the 
retrograde transport from the TGN to earlier Golgi cisternae and to the ER (Fig. 1A&B) 
(Szul and Sztul, 2011). 
Two well-known cargoes for the TGN-to-endosome traffic are a mammalian 
lysosomal hydrolase containing mannose-6-phospahate (M6P) (Kornfeld, 1992) and a 
yeast (Saccharomyces cerevisiae) carboxypeptidase Y (CPY) (Fig. 1A&B) (Marcusson et 
al., 1994). Prior to transport to the endosome, these soluble cargoes are physically 
associated with their corresponding receptors, mannose-6-phosphate receptor (M6PR) 
and the CPY-receptor Vps10, respectively. The cargo-laden vesicle destined to the 
endosome is coated by clathrin and its adaptor protein AP1 (Bowers and Stevens, 2005). 
After the cargo delivery, M6PR and Vps10 are retrieved back to the Golgi by the 
retromer and sorting nexins from the endosome (Kümmel and Ungermann, 2014; 
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Marcusson et al., 1994; Seaman, 1997; Seaman et al., 2013). On the other hand, CPY- 
loaded endosomes mature into late endosomes that fuse with the vacuole to release CPY 
in the vacuolar lumen (Fig. 1B). Interestingly, a class of proteins, including mammalian 
lysosomal tyrosinase, are known to be transported directly from early endosomes to the 
lysosome, and the cargo-carrying vesicle for this traffic is coated by AP-3 and clathrin, 
thus bypassing the late endosome (Fig. 1A) (Theos et al., 2005). In yeast, AP-3 is only 
utilized in coating TGN-derived vesicle with the cargo alkaline phosphatase (Fig. 1B), 
and it was found that the AP-3 coated vesicle is not associated with clathrin and is 
directly targeted to the vacuole, not passing through the endosomal system (Bowers and 
Stevens, 2005; Cowles et al., 1997). 
 
Dynamic nature of the Golgi stacks 
The Golgi apparatus, consisting of multiple layers of disk-like membrane called 
cisternae, is involved in packaging and distributing protein cargoes to different cellular 
organelles (Rabouille and Kondylis, 2007). The eukaryotic Golgi apparatus is subdivided 
into three classes, cis-, medial-, and trans-Golgi representing discrete stages of 
maturation (Day et al., 2013). Secretory cargo from the ER enters the Golgi apparatus at 
cis phase of the stack and finally exits from trans phase (Farquhar and Palade, 1981). 
Layers of trans-cisterna are transformed into so called trans-Golgi Network (TGN), 
derived from the last two adjacent trans-Golgi cisterna (De Matteis and Luini, 2008; 
Farquhar and Palade, 1981). The TGN is responsible for the packaging of secretory 
proteins into transport vesicles and delivering them to different cell organelles like 
endosomes and vacuoles (Anitei and Hoflack, 2011a; Kang et al., 2011; Mellman and 
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Simons, 1992). The maintenance of intact structure of these Golgi stacks is assisted 
by the microtubule system (Hammond and Glick, 2000; Thyberg and Moskalewski, 
1999). Thus, the exposure of eukaryotic cells to drugs such as colchicine and vinblastine 
leads to disassembly of microtubules, which in turn causes disorganization of the Golgi 
complex, providing evidence of the important role of microtubules in the maintenance of 
the Golgi complex (Thyberg and Moskalewski, 1985). This feature of Golgi stacks 
appears to be common throughout the eukaryotic systems (Fig. 1A) (Klumperman, 2011). 
Furthermore, in mammalian cells multiple Golgi stacks are laterally interconnected to 
form a compact Golgi-ribbon, located near the centrosome (Wei and Seemann, 2010). 
However, in other eukaryotes like Drosophila melanogaster and the methylotrophic 
yeast Pichia pastoris, Golgi stacks are not interconnected but randomly distributed in the 
cytoplasm (Prydz et al., 2008). Unlike other eukaryotes, in the budding 
yeast Saccharomyces cerevisiae, Golgi cisternae are not stacked, but rather an individual 
cisterna is dispersed throughout the cytoplasm (Fig. 1B) (Suda and Nakano, 2012). Some 
protozoans like Giardia intestinalis and Entamoeba histolytica, which were previously 
thought to lack Golgi, are now known to contain Golgi proteins, pointing to the presence 
of Golgi even in the simplest eukaryotic species (Dacks et al., 2003). Regardless of 
whether the Golgi apparatus is stacked or dispersed, the cisternae vary in number and its 
constituents (Papanikou and Glick, 2014, 2009). For example, in Pichia pastoris the 
number of cisterna per stack is as few as 3-4, whereas this number increases up to 20 in 
some algae species (Day et al., 2013).  
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Cargo Sorting at the TGN 
At the TGN, cargo sorting into specific TVs requires coat proteins, which interact 
directly or indirectly with sorting signals located in the cytoplasmic domains of these 
cargoes (Bonifacino and Glick, 2004). Along with the coat proteins, there are several 
different machineries involved in the process of transport of these vesicles towards the 
target organelle. The use of advanced imaging techniques like time-lapse fluorescence 
microscopy and electron tomography has allowed the dynamic observation of these post-
TGN transport vesicles in trafficking. 
The common sorting machinery at the TGN consists of adaptor proteins (APs), 
phosphatidylinositols (PIPs), ADP ribosylation factor (ARF), Golgi-localized, γ ear-
containing ARF-binding proteins (GGAs), and clathrin the coat protein (Fig. 2) 
(McNiven and Thompson, 2006). Among these, heterotetrameric APs provide the first 
line of cargo sequestration specificity (Edeling et al., 2006) by recognizing sorting motifs 
that are present in the cytosolic domains of the cargo (Bonifacino and Traub, 2003). 
There are 3 different classes of sorting motifs in these cargo tails, which are decoded by 
adaptor proteins (AP-1, AP-2, AP-3, and AP-4), and thereby segregating cargoes into 
transport vesicles (Anitei et al., 2010c). Firstly, at the TGN, AP-1 associates with two 
types of sorting motifs, a tyrosine-based Tyr-X-X-Ø motif and a dileucine-based [Asp-
Glu]X-X-X-Leu[Leu-Ile] motif, which are present in the cytosolic tails of cargoes 
destined for endosomal/lysosomal compartments (Bonifacino and Traub, 2003). The 
tyrosine-based motif is present in the cytosolic tail of mannose-6-phosphate receptor 
(M6PR), shuttling back and forth between the TGN and endosomes for delivering newly 
synthesized acid hydrolases to the endosome (Ghosh et al., 2003). Similarly, the budding 
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yeast has a transmembrane protein, Vps10, which delivers carboxypeptidase Y (CPY) to 
the endosome via a tyrosine-based signal (YSSL80) homologous to the sorting signal of 
the mammalian M6PR (Cooper and Stevens, 1996). At the plasma membrane, the Asn-
Pro-X-Tyr motif, which is present in the cytoplasmic tails of the insulin receptor and 
epidermal growth factor (EGF) receptor is decoded by AP-2 (Robinson, 2004).  
The phospholipid phosphatidylinositol-4-phospahte (PI4P) is highly enriched at 
the TGN. The synthesis of PI4P requires a phosphorylation of phosphatidylinositol by 
phosphatidylinositol-4-kinase (PIK1) (Wiedemann et al., 1996). A clue to the critical role 
of PI4P in the TGN-to-endosome traffic was discovered from studies of the secretory 
pathway in budding yeast in which a yeast strain with a temperature-sensitive mutation in 
the PIK1 displayed a severe defect in cargo exit from the Golgi (Strahl et al., 2005). In 
addition, PI4P is also involved in the recruitment of AP-1 and GGAs to the TGN (Wang 
et al., 2003). At the plasma membrane, phosphatidylinositol 4,5-bisphosphate (PIP2) is 
enriched, which binds to AP-2 (Puertollano, 2004). Even though these PIPs are important 
in the protein sorting process, they alone do not provide specificity without small 
GTPases. The adenosine diphosphate ribosylation factor (ARF) family of small GTPases 
plays an important role in regulating vesicular traffic (D’Souza-Schorey and Chavrier, 
2006). ARF1, a family member of ARF, regulates in its active form the recruitment of 
AP-1 to the TGN, indicating ARF1 along with PI4P is involved in the regulation of 
recruitment of AP-1 to the TGN (Puertollano, 2004). ARF1 also regulates the recruitment 
of the PI4K/Pik1 to the Golgi essential for the production of the PI4P. Mutational 
analysis in yeast revealed that there was 40% reduction in the levels of PI4P in arf1Δ 
cells (Audhya et al., 2000; Santiago-Tirado and Bretscher, 2011). 
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A second family of adaptor proteins at the TGN consists of GGAs, which are 
monomeric proteins containing C-terminal domain homologous to that of AP-1 subunit 
and function along with the AP-1 (Bonifacino, 2004). Similar to AP-1, the recruitment of 
GGAs to the TGN depends on ARF1 (Donaldson et al., 2005). However, GGAs-mediated 
protein sorting varies from AP-1 in that GGAs bind to unique Asp-X-X-Leu-Leu motif 
(Fig. 2B&C) (McNiven and Thompson, 2006). These GGAs are also known to interact 
with ubiquitinated cargo, such as the cation-independent and cation-dependent M6PR, via 
their VHS (Vps27, Hrs and STAM) and GAT domains, which was characterized by pull-
down and two-hybrid assays (Puertollano and Bonifacino, 2004). In particular, the GAT 
domain of the GGA proteins is implicated in sorting of the ubiquinated Gap1 amino acid 
transporter from the TGN to endosomes (Scott et al., 2004). 
The clathrin coat assembles into cage-like lattices around the transport vesicles, 
forming clathrin coated vesicles. Clathrin recruitment to the TGN is dependent on AP-1, 
which is recruited to the TGN by ARF1 (Donaldson et al., 2005). GGAs also contribute 
to the recruitment of clathrin to the TGN via the interaction between the clathrin-box like 
sequences in GGAs and the N-terminal domain of clathrin heavy chain (Puertollano et 
al., 2001). Therefore, GGAs along with AP-1 play a key role in the assembly of clathrin 
at the TGN. Lipid-binding proteins such as Epsin-related (EpsinR), which has one of two 
motifs, the Epsin N-terminal homology/AP180 N-terminal homology (ENTH/ANTH) 
domain (Duncan and Payne, 2003) and the Bin-amphiphysin-Rvs161/167p (BAR) 
domain (Peter et al., 2004) are also involved in clathrin coat vesicle formation at the TGN 
(Duncan and Payne, 2003).  
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 Membrane Tubulation, Scission and Transport 
Membrane curvature is the first step in the biogenesis of a transport vesicle. At 
the TGN, the membrane curvature process is induced by coat proteins, such as clathrin, 
which functions with adaptor proteins. Along with the adaptor proteins, clathrin also 
works with accessory proteins containing ENTH/ANTH domains, which bind PIPs and 
penetrate the outer membrane of membrane bilayer and induce membrane bending (Fig. 
3A) (Anitei and Hoflack, 2011b). After the initial membrane deformation process, actin 
polymerization provides the required forces for the formation of the invaginated 
precursor tubule towards the cytoplasm. At the TGN, F-actin elongates towards the neck 
of the membrane curvature, with barbed ends of actin filaments situated at the vicinity of 
the neck. The polarized growth at the barbed ends provides a pushing force on the 
membrane to induce an established tubular structure (Fig. 3B) (Anitei et al., 2010a). It is 
known that dynamic actin assembly is mediated by the Arp2/3 complex and formins upon 
internal and external signals (Suetsugu, 2009). In particular, Arp2/3 complex-mediated 
actin assembly is stimulated by WASP (Wiskott-Aldrich Syndrome Protein) family 
members (Rottner et al., 2010). WAVE/SCAR complex, a WASP family member, is 
recruited by clathrin/AP-1 coats at the TGN, for the activation of Arp2/3 complex-
mediated actin polymerization that drives precursor tubule formation (Anitei et al., 
2010b). For the precursor tubule formation, myosin motor proteins, such as Myo1b, walk 
along with the F-actin at the TGN (Coudrier and Almeida, 2011). Myo1b recruitment to 
the Golgi membrane depends on its pleckstrin homology domain that binds to PI4P 
(Vicinanza et al., 2008). The head of myo1b moves on F-actin in a positive-directed 
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manner and generates the power stroke, while the tail pulls the membrane, leading to the 
formation of precursor tubule (Fig. 3C) (Dippold et al., 2009).  
Clathrin coat formation along with the actin polymerization creates the necessary 
membrane curvature for the recruitment of BAR domain containing proteins that sense 
the characteristic concave shape of the invaginated membrane (McMahon and Gallop, 
2005). It is well-known that BAR domains are able to dimerize to form a banana-shaped 
arc (Frost et al., 2000). The concave surface of the arc has several positively charged 
amino acid residues that bind through electrostatic interactions to negatively charged 
phospholipid-containing membranes to assist membrane curvature process through 
scaffolding (Yu and Schulten, 2013). The electrostatic interaction between BAR domains 
and the phospholipid was drastically inhibited by replacing two positively charged 
residues with negatively charged glutamate, leading to defects in membrane tubulation 
process in vitro (Peter et al., 2004). However, direct evidence for BAR-induced 
intracellular membrane deformation in vivo, is currently lacking as it is difficult to access 
the heterogeneous phospholipid compositions at each membrane (Suarez et al., 2014). In 
addition to their role in membrane deformation and stabilization, BAR domain proteins 
bind to WASP family members and support F-actin polymerization, which is required for 
the tubule elongation (Ferguson et al., 2009). It was reported that Arfaptin-1 consisting of 
a N-BAR domain is involved in the biogenesis of transport vesicle at the TGN (Gehart et 
al., 2012), whereas, Amphiphysin, an N-BAR domain containing protein, binds to and is 
involved in the tubulation process at the plasma membrane (McMahon and Gallop, 
2005).   
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Microtubule-associated motor proteins are also involved in the extension of the 
membrane tubulation as evidenced by the presence of enriched kinesins at the tips of the 
emerging tubule at the TGN (Almeida et al., 2011; Anitei and Hoflack, 2011b; 
Polishchuk et al., 2003). Similar to myosin, kinesin recruitment onto membranes involves 
adaptor proteins, PIPs, SNXs, and GTPases (Hirokawa et al., 2009). At the TGN, kinesin 
(KIF13A) associates with beta 1-adaptin, a subunit of the AP-1 adaptor protein complex 
(Nakagawa et al., 2000). This plus-end directed kinesin move along microtubules and 
exert forces on to the membrane to which they are attached, leading to a tubule 
elongation (Fig. 3D) (Koster et al., 2003; Kreitzer et al., 2000; Roux et al., 2002). In light 
of finding that the microfilament system is mainly implicated in nascent or precursor 
tubule at the TGN and that kinesins are only located at the tubule tip, it is likely that the 
kinesin-mediate tubule elongation is preceded by the actin-myosin’s role at TGN 
(Almeida et al., 2011). However, the precise spatiotemporal recruitment process of 
machineries required for producing the force for the initial and further tubule elongation 
is poorly understood. 
Following the tubulation process of the membrane, the final mechanism for the 
release of the transport vesicles is the scission process. In mammals, dynamin-2 is 
implicated in its role as a molecular pinchase at the TGN (Weisz and Rodriguez-Boulan, 
2009). Dynamin family members are found throughout the eukaryotic system, and 
members of dynamin superfamily are subdivided, based on functional characteristics, into 
classical dynamins and dynamin-related or dynamin-like proteins (DRPs or DLPs) 
(Ramachandran, 2011). Classical dynamins consists of 5 different domains: an N-
terminal GTPase, or G-domain, an α-helical stalk, Pleckstrin Homology (PH) domain, 
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bundle signaling element (BSE), and a C-terminal proline-rich domain (PRD) (Chappie 
and Dyda, 2013; Cocucci et al., 2014). The stalk domain self-assembles in a criss-cross 
fashion, which is essential for formation of dynamin dimers and consequently an 
oligomer (Gao et al., 2010). The interaction between G-domains positioned in adjacent 
rungs of the dynamin helix facilitates GTPase activity. It is reported that dimers and 
tetramers of dynamin forms in the solution, prior to their recruitment to the membrane via 
using the PH domain in vitro (Chappie and Dyda, 2013). Dynamin oligomerization 
occurs along the neck of the invaginating tubule (Mettlen et al., 2009), which allows G 
domains to be optimally situated for interaction between them. GTP binding and 
hydrolysis at the G domain across the dynamin oligomer results in production of 
increased force to generate greater strain on the membrane neck, leading to a membrane 
constriction (Schmid and Frolov, 2011). The current models for the dynamin polymer 
shows that an inner luminal diameter of the neck of an invaginating tubule is about ~7 nm 
before constriction, whereas the diameter decreases to 4nm after dynamin-mediated 
constriction (Chappie and Dyda, 2013; Chappie et al., 2010). DRPs or DLPs contain 
three of those five domains present in classical dynamins: the N-terminal GTPase 
domain, middle domain, and the C-terminal GED domain (Smaczynska-de Rooij et al., 
2012). Without exception, human dynamin related proteins, such as DRP1 and OPA1, 
have a PH domain along with GTPase, middle, and GED domains (Praefcke and 
McMahon, 2004). There are 3 different DRPs in yeast, Mgm1, Dnm1, and Vps1. These 
DRPs are involved in several different cellular processes like mitochondrial fission by 
Dnm1, mitochondrial fusion by Mgm1, and vacuolar fission by Vps1 (Chappie and Dyda, 
2013; Praefcke and McMahon, 2004). DRPs, therefore, carry out membrane scission 
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process similar to those of classical dynamins. The GTP hydrolysis-dependent 
conformational changes were observed for the yeast mitochondrial dynamin-like protein 
Dnm1 (Mears et al., 2011), and this change was not seen upon addition of the non-
hydrolyzable GTP analog GMPPCP, suggesting the G domain may play an important 
role in mitochondrial fission (Chappie et al., 2011). It was suggested that Vps1 works 
together with clathrin to pinch off vesicles from the late Golgi in the budding yeast 
(Conibear and Stevens, 1995) on the basis of the observation that Vps1 and clathrin 
genetically interact (Bensen et al., 2000). In agreement with this notion, Vps1 showed 
partial overlap with a late Golgi marker (Lukehart et al., 2013), suggesting that it 
functions at the late Golgi. However, a direct physical interaction between clathrin and 
Vps1 at the TGN has not been documented.  
Interestingly, recent evidence showed a functional link of dynamin and DLPs with 
actin at the plasma membrane for efficient endocytosis. Dynamin was found to be 
recruited to the invaginated membrane where it binds to actin, which triggers increased 
recruitment and stabilization of dynamin oligomeric structures (Grassart et al., 2014; 
Taylor et al., 2012). The interaction with actin appears to be conserved in yeast Vps1, as 
manifested by both Vps1 interaction with actin filaments and vps1-mediated actin bundle 
formation. More importantly, cells expressing a mutated Vps1 protein lacking its ability 
to bundle actin filaments displayed a significant endocytic defect (Palmer et al., 2015), 
indicating Vps1 interaction with actin is functionally relevant. The question of whether 
Vps1 functions together with actin at the TGN has not been well addressed. 
Golgi-derived vesicles are transported towards endosomes via a microtubule 
dependent pathway (Anitei et al., 2010c). These transport vesicles from the TGN are 
 12 
connected to molecular motors, kinesin13A (Delevoye et al., 2009; Fölsch et al., 1999; 
Nakagawa et al., 2000) or kinesin 5B (Schmidt et al., 2009) that mediate trafficking along 
microtubules for their delivery to the endosome. Kinesin 13A was found to interact 
directly with AP-1 subunits (Fölsch et al., 1999; Nakagawa et al., 2000), while kinesin 
5B interacts indirectly with AP-1 through Gadkin, an accessory protein that links AP-1 to 
the kinesin (Schmidt et al., 2009). The recruitment of these kinesin motor proteins on to 
microtubules is dependent on the conformational changes of Rab GTPases to an active 
form (Stenmark, 2009).  
 
Vesicle Tethering and Fusion 
Following the budding process from the TGN, a transport vesicle moves towards 
the target organelle, such as endosomes and the vacuole, for fusion, which is required for 
the final delivery of cargo. This fusion process is preceded by tethering, which is the 
initial interaction between vesicle and the target organelle at the distance, followed by a 
closer interaction or a docking that leads to the fusion between them (Brown and Pfeffer, 
2010). Tethering at the endosome is mediated by Class C core vacuole/endosome 
tethering (CORVET) (Fig. 4A), a multiple protein complex consisting of 6 Vps (vacuolar 
protein sorting) proteins: Vps11, Vps16, Vps18, Vps33, Vps3, and Vps8 (Peterson and 
Emr, 2001). Of these the first four proteins are called the class C proteins, which are also 
shared with the tethering complex HOPS found at the vacuole (Ostrowicz et al., 2010). 
The remaining two subunits, Vps3 and Vps8, mediate the binding of the CORVET 
complex with its upstream regulator Rab5 GTPase, a functional homolog of yeast Vps21 
located at the endosome (Markgraf et al., 2009; Peplowska et al., 2007). At one end, this 
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CORVET complex associates with SNAREs on Golgi-derived vesicles, and the other end 
is physically linked to Rab5 on the endosome, there by serving as a bridge between these 
two approaching membranes (Ostrowicz et al., 2010; Peterson and Emr, 2001). A pulse-
chase radiolabeling assay revealed that temperature-sensitive mutants of vps11, vps16, 
vps18, and vps33 displayed at non-permissive temperatures exhibited the abnormal 
accumulation of the premature CPY containing Golgi-derived vesicles in the cytoplasm 
(Peterson and Emr, 2001; Subramanian et al., 2004), highlighting the significance of 
CORVET in cargo transport toward the vacuole. Along with its function in the tethering 
of Golgi-derived vesicles with endosomes, CORVET is also involved in the homotypic 
fusion of early endosomes (Kümmel and Ungermann, 2014).  
In addition to CORVET complex, the Rab effectors early endosome antigen 1 
(EEA1) and Rabenosyn-5-Vps45 complex are required for the successful tethering and 
fusion of the Golgi-derived vesicle with the early endosome and also for the homotypic 
fusion between endosomes (Fig. 4A) (Balderhaar and Ungermann, 2013; Ohya et al., 
2009; Sriram et al., 2003). Firstly, EEA1, is a long coiled-coil protein consisting of N-
terminal C2H2 (2 cysteines and 2 Histidines), which is a Zinc finger domain (ZF) that 
binds to Rab5 with high affinity. The C-terminus of EEA1 comprises of FYVE domain 
that binds to phosphatidylinositol-3-phosphate (PI3P) at the early endosome. The yeast 
two-hybrid studies revealed that Vac1 the yeast homolog of EEA1 physically interacts 
with Vps11 subunit of CORVET complex (Peterson and Emr, 2001), and fluorescence 
microscopy analysis revealed that both Vps11 and EEA1 localize at the early endosomes 
in mammalian cells (Chirivino et al., 2011). A pulse-chase radiolabeling assay revealed 
that yeast strains lacking Vac1 have blockage in the trafficking of vacuolar hydrolases 
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CPY, protease A, and protease B. In addition, strains lacking Vac1 accumulated a 40-
60nm vesicle population, which were spatially not overlapping with endosomal 
compartments, indicating a tethering defect mediated by Vac1 involvement upon its loss, 
a necessary prerequisite step for the fusion at the endosome (Webb et al., 1997). 
The second Rab effector, Rabenosyn-5 also contains a N-terminal C2H2 ZF that 
binds to Rab5 and FYVE domain binding to PI3P, whereas, C-terminal domain 
represents a further binding site for Rab5, allowing Rabenosyn-5 to act as a tether 
(Mishra et al., 2010). This Rabenosyn-5 forms a complex with Vps45, a SM (Sec1 and 
Munc18) family protein, which acts as a chaperone that links the Rab and SNARE 
machinery (Morrison et al., 2008). Mutational analysis in yeast demonstrated that CPY 
containing Golgi-derived vesicles are accumulated in the cytoplasm of Vps45 knock out 
cells (Burd et al., 1997). These findings provide evidence of the significance of these 
Rab5 GTPase effectors involvement in the tethering and fusion of the Golgi-derived 
vesicles with endosomes (Ostrowicz et al., 2010; Peterson and Emr, 2001).  
Recruitment of the CORVET complex and EEA1 on the endosome depends on 
the activation of their upstream regulator Rab5, mediated by the Rab5 GEF, Rabex-5. 
Sequencing of mammalian Rabex-5 displayed homology to the yeast protein Vps9 whose 
intrinsic tethering function at the endosome is conserved (Bröcker et al., 2010; Horiuchi 
et al., 1997). It is important to note that a loss of Rab GEF or Rab/Ypt displays partial 
disruption of CORVET targeting to the endosome, whereas the targeting of the EEA1 
homolog Vac1 toward the endosome was completely disrupted, suggesting that Vac1 
targeting is strictly depending on active Rab5, but not CORVET (Cabrera et al., 2013).  
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The closer interaction or docking of the Golgi-derived vesicle with the endosome 
requires tethering factors and SNAREs. Mechanistically, tethering factors interact with 
multiple structural motifs in SNAREs (Fig. 4B) (Hong and Lev, 2014). Generally, 
SNARE motif is located in the cytosolic domain of the SNAREs (Fasshauer et al., 1998). 
For example, Vps33, a subunit of CORVET complex acting as SM (Sec1 and Munc18) 
family protein, binds to the endosomal SNARE motif of the yeast syntaxin Pep12 to 
facilitate SNARE complex formation (Subramanian et al., 2004).  
SNAREs are recognized as key components of protein complexes that drive 
membrane fusion (Fig. 4C). Around 36 distinct SNAREs are known in mammals (Hong, 
2005), whereas, yeast has 24 different SNAREs, localized to distinct intracellular 
compartments along the secretory and endocytic pathways (Jahn and Scheller, 2006). 
Initially, SNAREs were classified as v- and t-SNAREs based on their subcellular 
localizations, vesicles and target organelles, respectively. Later, these SNAREs were 
divided into R- and Q- SNAREs based on the presence of highly conserved residues, R 
(arginine) and Q (glutamine), respectively (Malsam and Söllner, 2011). A R- or v-
SNARE on the vesicle interacts with three Q- or t-SNAREs on the target membrane 
forming a hetero-tetrameric trans-SNARE complex, which is also termed as SNAREpins. 
This SNAREpin is formed in a zipper-like manner starting at the amino-terminal, which 
is at distal end and moving towards the carboxy-terminal, proximal region of the SNARE 
(Pobbati et al., 2006). In mammals, typically SNARE complex consists of Qa- (syntaxin 
7), Qb- (Vti1a), and Qc- (syntaxin 8) SNAREs on the target endosomal membrane, and 
R-SNARE (Ykt6) on the Golgi-derived vesicle for a heterotypic fusion (Hong, 2005; 
Pryor et al., 2004). In yeast, heterotypic fusion is mediated by SNARE complex 
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consisting of 3 t-SNAREs, Pep12p (Qa), Vti1p (Qb), Syn8p (Qc) and a v-SNARE Ykt6p 
(R) (Dilcher et al., 2001; Kweon et al., 2003; Lewis and Pelham, 2002). A growing body 
of evidence is suggestive that these 4 specific or cognate SNAREs are directly involved 
in the successful fusion of Golgi-derived vesicle at the endosome, while non-cognate t- 
and v-SNAREs have very little potency to fuse (Furukawa and Mima, 2014; Parlati et al., 
2002). The fully assembled post-fusion cis-SNARE complex acts as a substrate for 
SNAPs (soluble NSF attachment factors), which in turn recruits the hexameric ATPase 
NSF (N-ethylmaleimide sensitive factor) (Whiteheart et al., 1993). ATP hydrolysis by 
NSF dissociates the SNARE complexes resulting in largely unstructured SNARE 
proteins, which can be recycled for further rounds of transport (Mayer et al., 1996). In 
conclusion, membrane fusion is driven by a protein assembly (v-/t- SNARE complex 
assembly), and ATP hydrolysis is required to disassemble the SNAREs (Malsam and 
Söllner, 2011).  
 
Future Research Trends 
Despite significant progress in understanding the cargo sorting at the TGN, there 
still exists a plethora of unanswered questions regarding how a cargo-loading site is 
initially selected prior to cargo segregation and what signaling cascade(s) directs this 
specific process and afterward. The precise spatiotemporal/biochemical recruitment 
mechanism of several classes of proteins, which act in this step-by-step event occurring at 
the TGN, is awaiting further investigation. An important question that has not been well 
addressed is how cargo-loading machineries at the TGN achieve a successful 
coordination of cargo-loading speed with the rate of clathrin-coated pit maturation, which 
appears to be required for making the full-grown vesicle where a sufficient quorum is 
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reached. A mature cargo-laden vesicle leaves the TGN for cargo delivery to the final 
destination, and in this regard, vesicle pinching-off by a scission complex must precede 
the delivery. Though a growing body of evidence points to the implication of mammalian 
dynamin 2 and yeast Vps1 in the scission event occurring at the TGN, yet the field awaits 
further direct evidence to support this model. In conjunction with this, tentative 
collaborative roles of known and unidentified dynamin binding partners, which could 
regulate positively the membrane constricting role of the pinchase dynamin, should be 
further explored. Microfilament and microtubule systems, as has been the case, are 
proven to be involved in secretory vesicle budding, pinching-off, and traffic, but precise 
functional collaboration mechanisms for these events have remained elusive. A further 
understanding of the molecular and cellular mechanisms underlying the secretory 
pathway may be crucial in the treatment of many human diseases like Acute myeloid 
leukemia (caused by defect in the formation of clathrin-coated pit), Charcot-Marine-
Tooth disease (by defect in microtubular transport of synaptic vesicles), Dent’s disease 
(by defects in post‐Golgi transport to cell surface), I-cell disease (by defects in M6P 
addition to lysosomal enzymes), and Wiskott-Aldrich Syndrome (by flaws in WASP 
regulation of actin cytoskeleton) (Howell et al., 2006). 
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HYPOTHESIS AND GOALS 
 
The present study reveals the functional relationship between Vps1 and clathrin 
heavy chain 1 (Chc1) in the budding yeast Saccharomyces cerevisiae. On the basis of a 
previous finding of genetic interaction between Vps1 and Chc1 (Bensen et al., 2000), I 
hypothesized that Vps1 and Chc1 physically interact with each other and function in a 
collaborative manner for the traffic from the Golgi to endosomes. To test this possibility, 
I have used standard techniques of molecular biology, genetics, and cell biology, 
including the yeast two-hybrid assay, gene cloning and expression, and confocal 
fluorescence microscopy. My thesis research aims fall into the following three areas. 
1) Study a possible direct interaction between Vps1 and Chc1 to provide the first 
evidence that they function together within the cell.  
 
2) Characterize and quantitate abnormal Golgi phenotypes in cells lacking Vps1. If 
Vps1 plays an important role in the Golgi-to-endosome traffic, the loss of Vps1 
would lead to noticeable Golgi defects such as in its morphology and abundance.   
 
3) Examine the biochemical targeting mechanism of Vps1 to the Golgi. The field of 
membrane trafficking would benefit from a better understanding of Vps1 
recruitment to diverse membrane-bound organelles, including the Golgi. 
 
The result and discussion sections of this thesis provide novel findings regarding 
the targeting mechanism of Vps1 to the Golgi and evidence of a direct interaction 
between Vps1 and Chc1, supporting the notion that both proteins function together within 
the cell. The increase in the number of late Golgi in vps1 mutant cells indicates the 
involvement of Vps1 in the maintenance of Golgi structure.  
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MATERIALS AND METHODS 
 
Yeast Strain Construction and Media 
Yeast strains used in this study are listed in Table 1. Yeast strains expressing 
Chc1-GFP and Gga1-GFP were constructed by integration of GFP sequence at the 3’ end 
of gene of interest using homologous recombination, as previously described (Kim et al., 
2006; Longtine et al., 1998; Nannapaneni et al., 2010). In order to generate gene deletion 
strains, such as vps1Δ cells, wild type cells were transformed with PCR products carrying 
a disruption construct as described previously (Longtine et al., 1998). KKD 0190 (mRFP-
Vps1) and KKD 0191 (mRFP-Sft2) plasmids were constructed as follows. The VPS1 and 
SFT2 sequences amplified by PCR from BY4741 genomic DNA were flanked with 
EcoRI and XhoI sites at the 5’ and 3’ ends, respectively. The amplified fragment was 
cloned into the EcoRI-XhoI sites of the pOK489 plasmid (Obara et al., 2013), which 
contains the mRFP-Cps1, to replace the CPS1 gene with VPS1 and SFT2 genes, thereby 
producing KKD 0190 and KKD 0191 plasmids. Yeast transformants that harbor the 
corresponding plasmid were grown on selective plates and were exposed to confocal 
microscope (See the section “Fluorescence microscopy”). Positive transformants were 
then collected and grown in standard synthetic defined (SD) liquid medium lacking 
nutrients required to maintain selection of auxotrophic markers from the plasmids. The 
plasmids encoding DsRed-FYVE, GFP-PH FAPP1, mRFP-Sft2, and mRFP-Vps1 were 
introduced into yeast strains by following the one-step transformation protocol (Chen et 
al., 1992), and grew on corresponding selective media plates. Resulting transformants on 
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selective plates were screened by confocal microscopy. All plasmids used or constructed 
in this study are listed in Table 2. 
 
Fluorescence Microscopy 
Fluorescently labeled cells were visualized either using a spinning confocal (with 
Yokogawa CSUX1 spinning disk head, a 100X magnification, numerical aperture (NA) 
1.4, PlanApo oil objective, and ImagEM cameras) or a conventional fluorescence 
microscope (Orca camera). All images were taken using oil immersion at 100X 
magnification. Simultaneous two-color imaging was done using an image splitter to 
separate red and green emission signals. In all cases, fluorescent samples were focused at 
the equatorial plane of the cells, and exposure was set to 100ms for all images, unless 
otherwise indicated.  
 
 Construction of Bait and Prey plasmids and Yeast-Two Hybrid Screening 
 
For the Yeast Two-Hybrid screening method, I used In-Fusion® HD Cloning Kit 
User Manual from Clontech. Briefly, purified yeast genomic DNA served as a template 
to amplify the full length DNA sequence of Vps1, three fragmented domains of Vps1 (the 
GTPase, the middle, and the GED domain), full length of Chc1 (clathrin heavy chain 1), 
and fragmented domains of Chc1 (N-terminal domain, distal leg, and proximal leg). The 
amplified PCR products of Vps1 and different fragments of Vps1 were inserted into the 
EcoRI and BamHI sites of the bait plasmid (pGBKT7), located downstream of the GAL4 
DNA-binding domain (BD) sequence. Similarly, Chc1 and fragmented sequences of 
Chc1 were inserted into the multi-cloning site of the prey plasmid (pGADT7), located 
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downstream of GAL4 DNA-activation domain (AD) sequence. Cloned bait and prey 
vectors were introduced into Y2H Gold (KKY 1254) and Y187 (KKY 1255) strains, 
respectively. The cells were grown on corresponding selective media plates. The 
transformants were incubated at 30oC for 3 days, and colonies were screened using 
colony PCR. Positive bait and prey colonies were then mated following the 
manufacture’s protocol, Matchmaker Gold Yeast Two-Hybrid System User Manual. The 
mated culture was plated onto stringent media, lacking tryptophan and leucine (SD/-Trp/-
Leu; DDO).  
Spotting assays were then performed to determine strength of protein-protein 
interactions between bait and prey proteins. For this, cells were grown in 3 ml DDO 
(SD/-Trp/-Leu) at 30oC for 2 days. Then, cells were serially diluted by a factor of 3 in a 
96 well plate, and were spotted onto DDO, TDO (SD/-Leu/-Trp/-His), and QDO (SD/-
Trp/-Leu/-His/-Ade) agar plates that were grown at 30oC for 3 days. The intensity of the 
spotted cells on the selective media plates was determined to reveal the strength of 
interaction between bait and prey proteins.  
  
CMAC Labeling of Yeast Vacuole Membranes 
 
CMAC staining of vacuoles was done by incubating cells with CellTracker 
Blue™ CMAC (7-amino4chloromethylcoumarin, Molecular Probes Inc.) as previously 
described (Hayden et al., 2013). The stained cells were then subjected to microscopic 
analysis. 
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Statistical Analysis 
Quantification of average number of Gga1-GFP puncta in WT and vps1∆ cells 
was carried out by counting, at random, a number of cells in a field of view (n = 30 cells). 
After the data was gathered, the average of each of the three trials was taken and standard 
deviation was determined. Similarly, the percentage colocalization between Vps1 and its 
fragments with Gga1-GFP was determined by counting the RFP puncta that showed 
colocalization with GFP (n = 30 cells). To analyze if there was a significant difference in 
the increase of number of GFP-PH FAPP1 puncta between WT and vps1∆ cells, two-
tailed t-tests were performed.   
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RESULTS 
 
Domains of Chc1 Shows Physical Interaction with Domains of Vps1 
Previously, it was reported that haploid yeast cells harboring the temperature sensitive 
allele of CHC1 and VPS1 showed genetic interaction, indicating a functional connection 
between these two proteins (Bensen et al., 2000). Additionally, Vps1 showed spatial 
overlap with a late Golgi marker (Lukehart et al., 2013), suggesting that Vps1 functions 
at the late Golgi. Given proteins that function together would physically interact with one 
another, the possibility of Vps1 interaction with Chc1 was tested using the yeast two-
hybrid assay. Briefly, the full-length VPS1 DNA sequence was cloned into the bait vector 
pGBKT7 to construct pGBKT7-Vps1, and the full-length of CHC1 sequence was inserted 
into the prey vector pGADT7 to construct pGADT7-Chc1. Diploid cells harboring both 
pGBKT7-Vps1 and pGADT7-Chc1 were applied on TDO (SD/-His/-Leu/-Trp) and QDO 
(SD/-His/-Leu/-Trp/-Ade) plates (Figure 5). Yeast cells co-expressing p53 and SV40 
large T antigen were used as a positive control (Figure 5, row 2), and cells co-expressing 
p53 and Lamin were used as a negative control (Figure 5, row 1). As was the case for the 
positive control experiment, cells that co-express Vps1 and Chc1 grew on TDO plates 
(Figure 5, row 5), indicating that Vps1 physically interacts with Chc1 in vivo. 
Vps1 is composed of three domains, including the N-terminal GTPase, the middle 
(or MID) and the C-terminal GED (GTPase Effector Domain) (Praefcke and McMahon, 
2004). To map the domain of Vps1 that binds to Chc1, each Vps1 domain was fused with 
BD in the bait vector. The same positive and negative controls were used to confirm the 
validity of the experiment. It was found that all three domains of Vps1 (GTPase, Middle 
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and GED) displayed high affinity binding to the Chc1, as evidenced by growth on TDO 
and also QDO plates (Figure 5, rows 6-8). Similarly, to map the specific domain of Chc1 
that interacts with the specific domain of Vps1, I made 3 fragments of Chc1, including a 
N-terminal fragment consisting of 494 aa, a distal fragment (495-1073 aa), and a 
fragment consisting of both proximal domain and trimerization domain (1074-1654 aa). It 
was found that the N-terminal domain (1- 494 aa) and the distal domain fragment (495-
1073 aa) displayed no growth on TDO and QDO plates, indicating no binding of these 
fragments of Chc1 with Vps1 (Figure 6, A&B). However, the proximal domain and 
trimerization fragment consisting of 581 aa (1074-1654) showed higher binding affinity 
with the full-length of Vps1, N-terminal GTPase and C-terminal GED domains of Vps1 
(Figure 7). Taken together, these data provide evidence that the N-terminal GTPase and 
the C-terminal GED domains of Vps1 interact with the C-terminal domain of Chc1 in 
vivo. 
 
 
Subcellular Localization of the Golgi Adaptor Protein Gga1 in vps1Δ Cells 
 
Previously, results from the Kim Lab has shown that loss of Vps1 led to the 
mislocalization of the Chc1 to the late endosome and the vacuole (data not shown). I 
therefore further extended my study to check the subcellular localization of another late 
Golgi factor, such as adaptor protein (Gga1) and Sft2, in vps1Δ cells. The reason behind 
the investigation of Gga1 localization in this condition is that recruitment of clathrin to 
the Golgi membrane is partly dependent on the adaptor proteins, Gga1 and Gga2. These 
adaptor proteins are involved in the transportation of the cargo from the TGN to the 
endosomal system (Ghosh et al., 2003; Scott et al., 2004). I genomically tagged the GFP 
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sequence to the C-terminal of GGA1 in WT (Wild type) and vps1Δ cells that also express 
DsRed-FYVE, a fluorescent endosome marker. FYVE finger domains are able to bind 
PI(3)P, enriched in the endosomal membrane (Burd and Emr, 1998; Gillooly et al., 2000), 
and thus fluorescent DsRed-FYVE can serve as a fiduciary endosome marker. Gga1-GFP 
puncta were not found to be colocalized with DsRed-FYVE in both WT and vps1Δ cells 
(Figure, 8), indicating that the adaptor protein Gga1 is not mislocalized to the late 
endosomal compartment.  
I next tested the localization of a late Golgi marker, Sft2. Interestingly, mRFP-
Sft2 in vps1Δ cells was located to the vicinity of CMAC-labelled vacuole, suggesting a 
mistargeting of mRFP-Sft2 from the late Golgi to the endosomal system (Figure, 9A). It 
was obvious that in WT cells mRFP-Sft2 displayed a high level of colocalization to the 
Golgi marked by Gga1-GFP, whereas in vps1Δ cells mRFP-Sft2 was not colocalized with 
the Golgi, suggesting the possible mislocalization of mRFP-Sft2. (Figure, 9B).  
 
Loss of Vps1 Leads to Increase in the Number of Late Golgi 
During the investigation of Gga1-GFP localization in relation with endosomal 
compartments, I found that there was an increase in the number of Gga1-GFP puncta in 
vps1Δ cells compared to that of WT cells. Upon quantification, the average number of 
Gga1-GFP puncta in wild type (WT) cells was 4.07 (± 0.67), while the average number 
of Gga1-GFP puncta in vps1Δ cells was 5.8 (± 1.20) (Figure, 10).  
To further support my observation with Gga1-GFP counting, I examined the 
number of late Golgi labeled with another late Golgi marker, GFP-PH FAPP1, in vps1Δ 
cells and vps1 GTPase mutant cells (vps1K42E, vps1S43N, and vps1G315D). Four-phosphate-
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adaptor protein 1 (FAPP1) contains the pleckstrin homology (PH) domain, and therefore, 
GFP-fused PH binds PI (4)P at the Golgi (Dowler et al., 2000), serving as a fluorescent 
marker. As expected, we found that there was an increase in the number of GFP-PH 
FAPP1 by twofold in vps1Δ and vps1 GTPase mutant cells compared to WT cells 
(Figure, 11) with the average number of GFP-PH FAPP1 puncta in 2 different WT strains 
(KKY 1395 and KKY 1400) being 5.54 (± 1.641) and 6.32 (± 1.91), respectively. Two 
different vps1Δ strains (KKY 0751 and KKY 1404) showed slightly different average 
numbers of GFP-PH FAPP1 puncta with 8.84 (± 2.359) and 11.52 (± 2.85), respectively. 
Similarly, vps1 GTPase mutant cells (KKY 1391, KKY 1393, and KKY 1402) contained 
9.88 (± 3.26), 9.74 (± 2.82), and 10.66 (± 3.20) puncta of GFP-PH FAPP1, respectively. 
Taken together, the results support the notion that the loss of Vps1 leads to an increase in 
the number of late Golgi. 
 
Vps1 Targeting Mechanism to the Late Golgi 
 
Vps1 is implicated in diverse membrane trafficking pathways and is localized to 
many organelles, including the plasma membrane, endosome, vacuole, Golgi, and 
peroxisome (Williams and Kim, 2014). However, its targeting mechanism to each 
organelle is poorly understood. To investigate the Vps1 targeting mechanism to the 
Golgi, I have constructed yeast strains that express Gga1-GFP, which is a fiduciary 
fluorescence marker for the Golgi. Into these strains I introduced each of the following 5 
Vps1 expression vectors: mRFP-Vps1-FL1-704aa (or mRFP-Vps1-Full length), mRFP-
Vps11-340aa (or mRFP-Vps1-GTPase), mRFP-Vps1341-614aa (or mRFP-Vps1-MID), mRFP-
Vps1615-704aa (or mRFP-Vps1-GED), and mRFP-Vps1341-704aa (or mRFP-Vps1-
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MID+GED) using KKD 0143 plasmid. After the introduction of mRFP-Vps1 or its 
domains into vps1Δ cells expressing Gga1-GFP, the extent of colocalization between 
them was determined. The Vps1 N-terminal 340aa was found to be completely 
cytoplasmic (Figure, 12, column 2), while full-length (column 1), the MID (column 3), 
the GED (column 4) and MID+GED domain (column 5) of Vps1 were partially targeted 
to the late Golgi marked by Gga1-GFP. Upon quantification, the full length Vps1 showed 
an average colocalization percentage of 25.4 % (± 4.0) with Gga1-GFP puncta, whereas, 
MID, GED, and MID+GED domains of Vps1 exhibited 13.55 % (± 3.2), 11.9 % (± 1.0), 
and 8.21% (± 3.21), respectively (Figure, 13). These results are suggestive that either the 
MID or GED domain of Vps1 is required for Vps1 targeting to the late Golgi. 
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DISCUSSION 
 
Results from my study provide the first evidence for the direct interaction of Vps1 
with clathrin, and thus provides an important insight into the potential mechanism of 
action of Vps1 in vesicular trafficking along with clathrin at the Golgi. Furthermore, my 
data provide evidence that Vps1 is implicated in the homeostasis of Golgi compartments, 
possibly mediating the fusion between late Golgi compartments. Finally, findings from 
my study offers invaluable insight into the Vps1 targeting mechanism to the Golgi. 
 
Vps1 Functions with the Coat Protein Clathrin at the TGN 
 
Research regarding CCV (clathrin-coated vesicle) formation at the Golgi in the 
budding yeast began in the early 1990s. It was suggested that Vps1 works in a 
coordinated manner with clathrin to facilitate the early event of vesicular trafficking 
occurring at the late Golgi (Conibear and Stevens, 1998). In particular, the investigators 
proposed that the dynamin-like protein Vps1 acts through its presumable intrinsic 
membrane pinching-off capacity. However, the coordinated action mechanism of Vps1 
with clathrin (Chc1) at the Golgi is poorly understood. Consistent with this notion, it was 
reported that VPS1 genetically interacts with CHC1 and that a double mutant strain 
harboring a temperature sensitive allele of clathrin heavy chain (chc1-521) and a 
temperature sensitive allele of Vps1 (vps1-ts) exhibits more severe defects in the 
secretory traffic of -factor than that of either single mutant (Bensen et al., 2000). These 
genetic interaction studies prompted me to investigate a hypothetical physical interaction 
of Vps1 with Chc1. Using the yeast two-hybrid system I discovered that  the GTPase and 
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the GED domains, but not the MID, of Vps1 interact with the C-terminal domain of Chc1 
that consists of 581 aa. Furthermore, in light of finding that the GTPase or the GED 
domain alone displayed stronger binding affinities to Chc1 than the full length of Vps1 
did, one can conclude that each of these two domains contains its Chc1 binding site, and 
that the three dimensional association of these two domains in intact Vps1 may hinder, at 
least in part, the Chc1 binding patch of Vps1. Indeed, based on the crystal structure of 
mammalian dynamin, the GTPase and GED domains are closely situated (Faelber et al., 
2012), and it is predicted that the two domains in Vps1 are positioned in close proximity 
to each other. 
The C-terminal 581aa of Chc1 is predicted to carry a proximal and a trimerization 
domains, which are known to be involved in assembly and disassembly of the clathrin 
coat (Edeling et al., 2006). Interestingly, this C-terminal domain of Chc1 is reported to 
associate with clathrin binding proteins such as auxilin and Hsc70 proteins, which are 
implicated in clathrin uncoating or disassembly process (Fotin et al., 2004a, 2004b). 
Unlike these proteins, the vast majority of clathrin binding proteins, including endophilin 
and AP180, are known to interact with the N-terminal distal domain of clathrin, via the 
consensus clathrin binding motif sequence consisting of 6 amino acids, PLØPØP (where 
P is a polar amino acid, L is Leucine, and Ø is a hydrophobic amino acid) (Dell’Angelica 
et al., 1998). Notably, Vps1 contains the consensus sequence, ELIDLN90-95aa in its 
GTPase domain for the N-terminal region of Chc1. However, given the GTPase domain 
with the intact motif sequence does not bind to the N-terminal fragment of Chc1, it is 
concluded that the motif is non-functional for Chc1 binding. 
 30 
 The interaction of Vps1 to the C-terminal of Chc1 was unexpected and the 
significance of this type of binding is intriguing. Considering that the trimerization 
domain is implicated in forming a triskelion and the assembly of triskelions is necessary 
for the production of a clathrin cage, one can surmise that the direct interaction of Vps1 
to the C-terminal Chc1 plays a role in clathrin recruitment and the subsequent assembly. 
In agreement with this idea, it was shown that recruitment of clathrin was blocked upon 
photoinactivation of dynamin in D. melanogaster (Kasprowicz et al., 2014). Consistently, 
my data showed that yeast clathrin targeting to the Golgi was severely disrupted in cells 
lacking Vps1, reminiscent of the abnormal phenotype found in D. melanogaster. If 
indeed Vps1 acts upstream of Chc1, it must be that Vps1 arrives at the Golgi before 
Chc1. The study of whether this is the case would require a sophisticated investigation 
into the spatiotemporal dynamics of Vps1 in relation with Chc1 at the Golgi. Upon 
recruitment, Vps1 may undergo self-assembly to form a ring of Vps1 polymer, as has 
been suggested by an in vitro experiment (Palmer et al., 2015). It may be that the Vps1 
polymer then could serve as a scaffold for clathrin recruitment and assembly. It should be 
noted that mammalian dynamin binds to auxilin, a key player for clathrin uncoating 
(Newmyer et al., 2003), implying that dynamin could also serve as an upstream 
disassembly factor for clathrin. This raises the question of whether the recruitment of 
Swa2, the yeast homolog of mammalian auxilin (Troisi et al., 2015), to the clathrin cage 
depends on the presence of Vps1 in the budding yeast.  Taken together, Vps1 appears to 
be intricately related to the regulation of clathrin assembly and disassembly dynamics at 
the Golgi.  
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Vps1 Targeting Mechanism to the TGN 
 
 Several lines of evidence revealed that dynamin and dynamin family proteins 
function at the Golgi membrane along with clathrin (Jones et al., 1998; Bonekamp et al., 
2010). It has been proposed that dynamin’s intrinsic membrane pinching-off activity is 
conserved at the Golgi, necessary for the formation of secretory vesicles (Cao et al., 
2000; McNiven, 2000, 1998). To function at the Golgi, dynamin must to be first targeted 
to the corresponding site, for which it was thought that dynamin use its PH domain whose 
function is well known for mediating protein-phosphoinositide interactions (van der Bliek 
and Payne, 2010). Results from studies have revealed that few essential amino acid 
residues of the PH domain are implicated in the physical association of the PH domain 
with lipids. For example, the lysine 535 in the PH domain was proposed to directly 
interact with phosphoinositides (Achiriloaie et al., 1999). A recent study further revealed 
that dynamin mutant harboring a point mutation (I533A) in the β6/β7 loop of the PH 
domain abolished the recruitment or binding of the dynamin mutant to liposomes, 
indicating that the PH domain is required for dynamin targeting to the membrane 
(Bethoney et al., 2009). However, the same study showed that the mutations in PH 
domain did not affect the localization of dynamin to the plasma membrane in vivo, 
postulating a tentative role of the PRD domain of dynamin for its membrane targeting. In 
support of this view, McMahon’s lab showed that full-length dynamin was only recruited 
to giant unilamellar vesicles (GUV) in the presence of endophilin that carries a SH3 
domain, suggesting that the SH3 protein promotes more efficient recruitment of dynamin 
to membranes via an interaction with the PRD of dynamin (Meinecke et al., 2013). 
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Like the mammalian system, the budding yeast Vps1 recruitment to the endocytic 
site is dependent on a tentative PRD domain (or insert B) of Vps1, which interacts with 
the SH3 domain in the amphiphysin Rvs167 (Smaczynska-de Rooij et al., 2012). This 
result raises the question of whether Vps1 is targeted to the Golgi via it PRD domain 
interaction with Golgi-specific proteins, yet unidentified, carrying SH3 domain. 
Interestingly, the MID domain of Vps1, which carries a presumable proline rich motif (S-
P-P-P-V, 598-602aa), was able to be targeted to the Golgi, albeit less efficiently 
compared with full length Vps1, pointing to the significance of protein-protein interaction 
for Vps1 targeting possibly via PRD-SH3 interaction between Vps1 and its binding 
partner at the Golgi. Yet, the direct evidence of Vps1 PRD recruitment toward the Golgi 
should be documented to prove the above-mentioned idea.  Strikingly, my results showed 
that in addition to the MID domain, GED domain alone was associated with the Golgi. 
According to my sequence analysis, Vps1 does not contain the lipid binding consensus 
sequence, but near the C-terminal end is found several positively charged amino acids 
sequence (R-R-K-E-C-K-K, 683aa-689aa). Therefore, one possible explanation for the 
GED recruitment to the Golgi would be an electrostatic attraction between the GED and 
lipids on the Golgi membrane.  The exact biochemical targeting of Vps1 to the Golgi 
should be further investigated in the near future. 
 
Vps1 in the Shuttling Pathway Between the Golgi and the Endosome 
Previously it was shown that loss of Vps1 led to the mistargeting of the alpha-
factor receptor Kex2 and Vps10 to the late endosome and the vacuole (Chi et al., 2014; 
Nothwehr et al., 1995). In addition, Dr. Kim’s lab recently found that Chc1 was 
 33 
abnormally targeted to the late endosome and the vacuole in the same vps1Δ background 
strain (personal communication with our previous grad student, Michelle Williams). The 
molecular basis for the mistargeting of Kex2 to the endosomal compartment in cells 
deficient in Vps1 was proposed in 1995 by Nothwehr and coworkers (Nothwehr et al., 
1995). The model suggests that loss of Vps1 results in a blockage in the anterograde 
traffic from the Golgi to the endosome, but does not affect the exocytic event. Under 
these conditions, Kex2 is first delivered to the plasma membrane and then destined for 
the endosomal system via endocytosis. The mistargeting of Vps10, the cargo receptor for 
carboxypeptidase (CPY), to the endosomal system can also be explained by the same 
model. Additionally, the Burd lab recently reported a severe accumulation of Vps10 at 
the endosome in cells lacking Vps1 and proposed a pinchase role of Vps1 for the exit of 
endosome-derived vesicles.  What can be the possible explanation for clathrin 
mistargeting to the endosome, which I documented in the result section? Is there any 
connection between Vps10 accumulations with Chc1 mistargeting at the endosome in 
vps1 mutant cells? An interesting clue to the understanding of this relationship was 
provided by data  from a recent study that revealed that the recruitment of a subunit of 
AP2 (γ-adaptin) to the plasma membrane was disrupted in the cell where dynamin 
activity was abolished (Kasprowicz et al., 2014). From this finding, we can infer that loss 
of Vps1 may result in an aberrant targeting of the adaptor AP1 for Vps10 to the 
endosome due to accumulation of its cargo Vps10. If this scenario is the case, one can 
envision the subsequence recruitment of Chc1 to the endosome, since Chc1 has high 
binding affinity to AP1, but not to the cargo (Doray and Kornfeld, 2001). Even in the 
presence of the functional complex of cargo-adaptor-clathrin coat, the pinching-off of the 
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complex at the endosomal membrane appears to be inefficient due to lack of Vps1, a 
primary pinchase (Chi et al., 2014). Along with AP1, Gga1 , a well-known adaptor 
bridging cargo receptor to the clathrin (Ha et al., 2003), has been reported to function at 
the Golgi. However, Gga1-GFP was not mistargeted to the late endosome or vacuole in 
vps1Δ cells (Figure, 8), suggesting Vps1 acts specific for the targeting of Chc1 to the 
Golgi In other words, in the absence of Vps1 scaffold at the Golgi no clathrin is recruited, 
but Gga1’s association with the Golgi is secured by an unknown reason. It is interesting 
to note that Sft2, a late Golgi marker whose  precise function is unknown (Conchon et al., 
1999), was mistargeted to the endosomal system. These results of mistargeting of only 
specific groups of proteins to the endosomal system suggest that loss of Vps1 does not 
globally affect the recruitment of Golgi proteins but rather its action is restricted to the 
selected group of proteins.  
Increase in Number of Late Golgi in vps1Δ Cells 
Rates of membrane fusion and fission regulate the overall size and the number of 
the Golgi (Bhave et al., 2014; Sengupta and Linstedt, 2011). Similarly, the copy number 
of a Golgi compartment could vary depending on certain parameters, such as rates of 
Golgi formation and its persistence time. The increase of the mean number of the late 
Golgi in vps1 mutant cells (Figures, 10&11) suggests an aberrant Golgi homeostasis, 
possibly due to either homotypic Golgi fusion defects or alteration in Golgi persistence 
time, or due to both. To the best of my knowledge, the first direct evidence for homotypic 
fusion between late Golgi compartments derived from an in vitro vesicle fusion assay, 
which revealed that the yeast Rab5 homolog Vps21 and t-SNARE complex composed of 
Tlg1, Tlg2, Vti1 and v-SNARE Snc1 are required for late Golgi homotypic fusion 
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(Brickner et al., 2001). The notion that Vps1 might function for homotypic Golgi fusion 
is conceivable in fact because of few recent documents that support the role of dynamin 
and dynamin-like protein in membrane fusion. First, mammalian dynamin-2 binds to 
SNARE regulatory protein complexin 1 (Zhao et al., 2007) to modulate membrane fusion 
events during acrosomal exocytosis (Reid et al., 2012). Second, Peters’ lab has shown 
that Vps1 binds to the Qa SNARE Vamp3 and controls trans-SNARE formation, which is 
essential for the homotypic vacuole fusion in yeast (Kulkarni et al., 2014). If indeed Vps1 
entails the fusion between the late Golgi, it would be of great interest in understanding 
the functional relationship with Vps21 the upstream regulator for the homotypic fusion. 
Recently, Dr. Kim’s lab discovered that Vps1 acting as an upstream regulator of the 
GARP tethering factor in the fusion of the endosome-derived vesicle with the Golgi 
(personal communication with our grad students). Given that the GARP factor works 
directly upstream of SNAREs, but downstream of Rab GTPase, I propose a series of 
interactions or signal transmission of Rab (Vps21)-Vps1-GARP-SNARE for homotypic 
Golgi fusion. Further studies are required to fully understand the functional niche of Vps1 
in relation with the other important factors for homotypic Golgi fusion. 
 An alternative explanation for the increase in the number of late Golgi would be 
that the maturation time from early Golgi to the late Golgi is normal but the persistence 
time of late Golgi is longer in vps1Δ cells. This idea can be tested by using a simple 
quantitative framework PE/PL, where PE is the average persistence time of early Golgi 
cisternae, and PL is the average persistence time of late Golgi cisternae. The PE/PL ratio 
would be ∼1 in wild-type cells (Bhave et al., 2014). Using Sed5, a fiduciary Cis-Golgi 
marker and GFP-PH FAPPI as a late Golgi marker, one can determine the average 
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persistence time of the late Golgi cisternae in WT and vps1Δ cells. If the ratio of PE/PL is 
<1.0 in vps1Δ cells, it can be concluded that the persistence time of the late Golgi is 
longer.  
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Table 1. Yeast Strains Used in This Study 
 
Strain 
Number 
Strain Name Source Genotype 
KKY 
0002 
 
WT, Yeast Gene 
Collections (BY4741) 
 
Invitrogen 
 
MAT a his3∆1 leu2D met15∆ 
ura3∆ 
 
KKY 
0248 
 
vps1∆ (Yu and Cai, 
2004) 
MAT a ade2-1 trp1-1 can1-100 
ura3-52 leu2-3,112 vps1∆::LEU2 
his3-11 15::HIS3 
 
KKY 
0249 
 
vps1∆/Vps1 (Yu and Cai, 
2004) 
KKY0248 Vps1-3myc 
 
KKY 
0250 
 
vps1∆/vps1K42E (Yu and Cai, 
2004) 
KKY0248 vps1K42E-3myc 
 
KKY 
0251 
 
vps1∆/vps1S43N  
(Yu and Cai, 
2004) 
KKY0248 vps1S43N-3myc 
 
KKY 
0252 
 
vps1∆/vps1G315D (Yu and Cai, 
2004) 
KKY0248 vps1G315D-3myc 
 
KKY 
0270 
 
vps1 C-term∆  
 
This study MAT a His3∆ leu2∆ met15∆ 
ura3∆ Vps1-C-term domain::HIS 
 
KKY 
0343 
WT This study  MAT α his3∆ ura∆ leu∆ trp∆ 
lys∆ 
 
KKY 
0352 
 
vps1∆  
 
This study MAT α his3∆ ura∆ leu∆ trp∆ 
lys∆ VPS1::KanMx6  
 
KKY 
0484 
vps1∆ (002) 
 
This study KKY0002 VPS1::HIS 
KKY 
0751 
 
vps1∆ (352) GFP-PH 
FAPPI 
 
This study KKY0352 VPS1::KanMx6 GFP-
PH FAPPI 
 
KKY 
1254 
 
Y2HGold  
 
Clontech 
 
MAT a trp1-901 leu2-3 112 
ura3-52 his3-200 gal4Δ gal80Δ 
LYS2::GAL1 UAS–Gal1 TATA–
His3 GAL2 UAS–Gal2 TATA–
Ade2 URA3::MEL1 UAS–Mel1 
TATA AUR1-C MEL1 
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Table 1 continued 
 
Strain 
Number 
Strain Name Source Genotype 
KKY 
1255 
 
Y187  Clontech 
 
MAT α ura3-5 his3-200 ade2-
101 trp1-901 leu2-3 112 gal4Δ 
gal80Δ met– URA3::GAL1 
UAS–Gal1 TATA–LacZ MEL1 
 
KKY 
1272 
 
pGBKT7-Lam 
 
This study KKY1254 (pGBKT7-LAM) 
KKY 
1273 
 
pGADT7-T  
 
This study KKY1255 (pGADT7-T ) 
 
KKY 
1274 
 
pGBKT7-53  This study KKY1254 (pGBKT7-53) 
 
KKY 
1275 
 
pGBKT7-Vps1  This study KKY1254 (pGBKT7-VPS1) 
KKY 
1296 
 
pGADT7-Chc1  
 
This study KKY1255 (pGADT7-CHC1) 
 
KKY 
1304 
 
pGBKT7-53 x 
pGADT7-T  
 
This study KKY1274/KKY1273 (diploid) 
 
 
KKY 
1305 
 
pGBKT7-Lam x 
pGADT7-T  
 
This study KKY1272/KKY1273 (diploid) 
 
KKY 
1306 
 
pGBKT7-Vps1 x 
pGADT7-Chc1 
 
This study KKY1275/KKY1296 (diploid) 
 
KKY 
1391 
 
vps1∆/vps1S43N GFP-
PH FAPPI 
 
This study KKY0251 GFP-PH FAPPI 
 
KKY 
1393 
 
vps1∆/vps1G315D GFP-
PH FAPPI 
 
This study KKY0252 GFP-PH FAPPI 
KKY 
1395 
 
vps1∆/Vps1 GFP-PH-
FAPPI 
 
This study KKY0249 GFP-PH FAPPI 
 
KKY 
1400 
 
WT (002) GFP-PH 
FAPPI 
 
This study KKY0002 GFP-PH FAPPI 
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Table 1 continued 
 
Strain 
Number 
Strain Name Source Genotype 
 
KKY 
1402 
 
vps1∆/vps1K42E GFP-
PH FAPPI 
 
This study KKY0250 GFP-PH FAPPI 
 
KKY 
1404 
 
vps1∆ (248) GFP-PH 
FAPPI 
 
This study KKY0248 GFP-PH FAPPI 
 
KKY 
1406 
 
vps1 C-term∆ GFP-PH 
FAPPI 
 
This study KKY0270 GFP-PH FAPPI 
 
KKY 
1428 
 
pGBKT7-Vps1-
GTPase x pGADT7-
Chc1  
 
This study KKY1275 VPS1-GTPase/ KKY 
1296 CHC1 (diploid) 
KKY 
1430 
 
pGBKT7-Vps1-MID x 
pGADT7-Chc1  
 
This study KKY1275 VPS1-MID/ 
KKY1296 CHC1 (diploid) 
 
KKY 
1432 
 
pGBKT7-Vps1-GED x 
pGADT7-Chc1  
 
This study KKY1275 VPS1-GED/ 
KKY1296 CHC1 (diploid) 
 
KKY 
1438 
 
pGBKT7-Vps1-
GTPase  
 
This study KKY1275 VPS1-GTPase  
KKY 
1439 
 
pGBKT7-Vps1-MID   
 
This study KKY1275 VPS1-MID 
KKY 
1440 
 
pGBKT7-Vps1-GED  
 
This study KKY1275 VPS1-GED 
KKY 
1454 
 
pGADT7-Chc1 (1-494) 
 
This study KKY1296 CHC1 (1-494)  
 
KKY 
1459 
 
WT (002) Gga1-GFP-
HIS 
 
This study KKY 0002 GGA1-GFP-HIS 
 
KKY 
1461 
 
vps1∆ (352) Gga1-
GFP-HIS 
 
This study KKY 0352 GGA1-GFP-HIS 
 
KKY 
1466 
 
pGADT7-Chc1 (495-
1073) 
 
This study KKY1296 CHC1 (495-1074) 
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Strain 
Number 
Strain Name Source Genotype 
 
KKY 
1467 
 
pGADT7-Chc1 (1074-
1675) 
 
This study KKY1296 CHC1 (1074-1675) 
 
 
KKY 
1468 
 
pGBKT7-Vps1 x 
pGADT7-Chc1 (1-494) 
 
This study KKY1275/ KKY1454 (diploid) 
 
KKY 
1469 
 
pGBKT7-Vps1-
GTPase x pGADT7-
Chc1 (1-494) 
This study KKY1438/ KKY1454 (diploid) 
 
KKY 
1470 
 
pGBKT7-Vps1-MID x 
pGADT7-Chc1 (1-494) 
This study KKY 1439/ KKY1454 (diploid) 
KKY 
1471 
 
pGBKT7-Vps1-GED x 
pGADT7-Chc1 (1-494) 
This study KKY 1440/ KKY1454 (diploid) 
KKY 
1472 
 
pGBKT7-Vps1 x 
pGADT7-Chc1 (495-
1073) 
 
This study KKY1275/ KKY1466 (diploid) 
 
KKY 
1473 
 
pGBKT7-Vps1-
GTPase x pGADT7-
Chc1 (495-1073) 
 
This study KKY1438/ KKY1466 (diploid) 
 
KKY 
1474 
 
pGBKT7-Vps1-MID x 
pGADT7-Chc1 (495-
1073) 
 
This study KKY 1439/ KKY1466 (diploid) 
 
KKY 
1475 
 
pGBKT7-VPS1-GED x 
pGADT7-Chc1 (495-
1073) 
 
This study KKY 1440/ KKY1466 (diploid) 
 
KKY 
1476 
 
pGBKT7-Vps1 x 
pGADT7-Chc1 (1074-
1654) 
 
This study KKY1275/ KKY1467 (diploid) 
 
KKY 
1477 
 
pGBKT7-Vps1-
GTPase x pGADT7-
Chc1 (1074-1654) 
 
This study 
 
 
KKY1438/ KKY1467 (diploid) 
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Table 1 continued 
 
Strain 
Number 
Strain Name Source Genotype 
 
KKY 
1478 
 
pGBKT7-Vps1-MID x 
pGADT7-Chc1 (1074-
1654) 
 
This study KKY 1439/ KKY1467 (diploid) 
 
KKY 
1479 
 
pGBKT7-Vps1-GED x 
pGADT7-Chc1 (1074-
1654) 
 
This study KKY 1440/ KKY1467 (diploid) 
KKY 
1554 
vps1∆ (484) mRFP-
Sft2  
This study KKY0484 mRFP-SFT2 
KKY 
1555 
WT (343) mRFP-Sft2  This study KKY0343 mRFP-SFT2 
 
KKY 
1557 
 
Gga1-GFP-HIS (002) 
mRFP-Vps1 full length 
 
This study KKY 1459 mRFP-VPS1-full 
length 
 
KKY 
1558 
Gga1-GFP-HIS (352) 
mRFP-Vps1 full length 
 
This study KKY 1461 mRFP-VPS1-Full 
length 
 
KKY 
1559 
Gga1-GFP-HIS (352) 
mRFP-Vps1-N-
terminal 
 
This study KKY 1461 mRFP-VPS1-N-
terminal 
KKY 
1560 
Gga1-GFP-HIS (352) 
mRFP-Vps1-MID 
 
This study KKY 1461 mRFP-VPS1-MID 
KKY  
1561 
 
Gga1-GFP-HIS (352) 
mRFP-Vps1-GED 
 
This study KKY 1461 mRFP-VPS1-GED 
KKY 
1562 
 
Gga1-GFP-HIS (002) 
mRFP-Vps1-N-
terminal 
 
This study KKY 1459 mRFP-VPS1-N-
terminal 
KKY 
1563 
 
Gga1-GFP-HIS (002) 
mRFP-Vps1-MID 
 
This study KKY 1459 mRFP-VPS1-MID 
KKY 
1564 
 
Gga1-GFP-HIS (002) 
mRFP-Vps1-GED 
 
This study KKY 1459 mRFP-VPS1-GED 
KKY 
1593 
 
Gga1-GFP-HIS (002) 
mRFP-Vps1-
MID+GED 
This study KKY 1459 mRFP-VPS1-
MID+GED 
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Table 1 continued 
 
Strain 
Number 
Strain Name Source Genotype 
 
KKY 
1594 
 
Gga1-GFP-HIS (352) 
mRFP-Vps1 
(MID+GED) 
 
This study KKY 1461 mRFP-VPS1-
MID+GED 
 
Table 2: Bacterial Plasmids Used in This Study 
 
Plasmid number Plasmid name Source 
KKD 0008 
 
GFP-HIS 
 
(Longtine et al., 1998) 
KKD 0044 
 
GFP-PH FAPP1 
 
(Stefan et al., 2002) 
KKD 0056 
 
DsRed-FYVE-LEU 
 
(Odorizzi et al., 1998) 
KKD 0079 
 
pGBKT7-Vps1 
 
This study 
KKD 0083 
 
pGADT7 
 
Clontech 
 
KKD 0085 
 
pGADT7-T Clontech 
 
KKD 0099 
 
pGBKT7 
 
Clontech 
 
KKD 0100 
 
pGBKT7-53 
 
Clontech 
 
KKD 0101 
 
pGBKT7-Lam 
 
Clontech 
 
KKD 0104 
 
pGADT7-Chc1 
 
This study 
KKD 0128 
 
pGBKT7-Vps1-MID 
 
This study 
KKD 0130 
 
pGBKT7-Vps1-GED 
 
This study 
KKD 0134 
 
pGBKT7-Vps1-GTPase 
 
This study 
KKD 0143 
 
mRFP-Cps1 
 
(Obara et al., 2013) 
KKD 0149 
 
pGADT7-Chc1 (1-494) 
 
This study 
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Plasmid number Plasmid name Source 
KKD 0150 
 
pGADT7-Chc1 (1074-
1654) 
 
This study 
KKD 0152 
 
pGADT7-Chc1 (495-1074) 
 
This study 
KKD 0190 
 
mRFP-Vps1 
 
This study 
KKD 0191 
 
mRFP-Sft2 
 
This study 
KKD 215 mRFP-Vps1-GTPase This study 
KKD 217 mRFP-Vps1-MID This study 
KKD 219 mRFP-Vps1-GED This study 
KKD 244 mRFP-Vps1-MID+GED This study 
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Figure 1: Secretory pathway in Mammalian and Yeast (S. cerevisiae) cells. 
A. The morphology of the Golgi apparatus and the trafficking of newly synthesized 
proteins (cargo) to the lysosome in the mammalian cell. These cargoes are transported 
from the ER to the Golgi apparatus via COPII-coated vesicles (Pink arrow). The TGN-to-
lysosome traffic is mediated either by the regular endosomal pathway (Blue arrows) or by 
AP-3 mediated pathway (Red arrow) from the early endosome to the lysosome. The 
endosomal pathway transports cargoes including Mannose-6-phosphate receptor (M6PR) 
toward the endosome via clathrin-coated vesicle. After cargo delivery, the cargo receptor 
is recycled back to the TGN for the further round of cargo transport. The early endosome 
that eventually matures into late endosome fuses with the lysosome and transports its 
content into the lumen of the lysosome. On the other hand, Golgi-derived vesicle 
containing the cargo tyrosinase follows the AP-3 mediated pathway that bypasses late 
endosomes for the further process. B. In yeast, the Golgi apparatus is dispersed 
throughout the cytoplasm. Similar to mammals, yeast have two pathways for the 
transportation of the vacuolar proteins towards the vacuole from TGN either via CPY 
pathway or by ALP pathway. The CPY pathway is similar to M6PR pathway in 
mammals. CPY and its receptor Vps10 are delivered to the early endosome, and then to 
the vacuole via multivesicular bodies/late endosome. However, AP-3 mediated 
transport/alkaline phosphatase transport starts at TGN and these AP-3 vesicles are 
transported directly to the vacuole, skipping the endosomal pathway for the further 
process.  
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Figure 2: Cargo sorting and the formation of clathrin-coated vesicles at the trans-Golgi 
network (TGN) A. At the TGN, Clathrin-coat assembly is activated by the recruitment of 
ARF1 to the membrane. ARF1 in turn recruits phosphatidylinositol-4-kinase (PIK1), 
which initiates low level of phosphatidylinositol-4-phosphate (PI4P) production. B. 
These ARF1 and PI4P stimulate the recruitment of Gga1 adaptor protein that interacts 
with the specific cargo receptor containing Asp-X-X-Leu-Leu motif and also with the 
coat protein clathrin, which is recruited at the same time as of the Gga1 adaptor protein 
(Daboussi et al., 2012). Gga1 also interacts with and stabilizes PIK1 at the TGN, 
promoting the PI4P production (Daboussi et al., 2012). C. Increased PI4P production 
stimulates recruitment of the additional Gga1 adaptor proteins. In addition, adaptor 
protein 1 (AP-1) recruitment to the TGN depends on the presence of ARF1. This AP-1 at 
the TGN binds to the cargo receptor containing [DE]XXXL[LI] motif. After the 
formation of the clathrin coat and the recruitment of the necessary proteins, Dynamin -2 
pinches off the clathrin-coated vesicles. D. Clathrin coated vesicles containing cargoes 
are heading towards the endosome. 
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Figure 3: Membrane tubulation at the trans-Golgi network (TGN). 
A. Clathrin coat assembly together with accessory proteins induces membrane curvature 
at the TGN. B. Along with the clathrin, actin polymerization supplies the necessary force 
required for the membrane deformation. Bar domain proteins, Arfaptin-1, binds to the 
membrane and sustains Arp2/3- mediated actin polymerization towards the membrane. 
This provides the pushing force required for the tubulation of the membrane. C. In 
addition, Myo1b, which is a plus end directed motor protein (small arrows), upon 
exertion of power stroke, results in the elongation of the membrane (large arrows) 
(Almeida et al., 2011). D. During the later stages, motor protein, kinesin13A linked to the 
microtubules (Delevoye et al., 2009) exerts the similar pulling force on the membrane as 
the actin motor leading to the membrane tubulation. Finally, Dynamin-2 mediates the 
scission process upon GTP hydrolysis.  
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Figure 4: Transport vesicle tethering, docking, and fusion at the early endosome. 
A. Tethering: The CORVET and the Rab effectors mediate tethering of Golgi-derived 
vesicles with the early endosome. Tethering process is initiated by the activation of the 
Rab, which is achieved by the GEF, a complex made of Rabaptin-5 and Rabex-5. These 
Rabs will then recruit CORVET complex and Rab effectors early endosome antigen 1 
(EEA1)/Vac1 and SM protein containing complex Rabenosyn-5/Vps45. The CORVET 
complex associates with SNAREs on the Golgi-derived vesicle and it interacts with Rab5 
on the early endosome. B. Docking: CORVET utilizes its SNARE-chaperoning activity 
to capture SNAREs and induces formation of a hetero-tetrameric trans-SNARE complex. 
C. Fusion: After the formation of the trans-SNARE complex, the Golgi-derived vesicle 
fuses with the early endosome and releases its content into the lumen of the early 
endosome. D. Subunits of the CORVET complex. 
 
  
 63 
 
 
 
 
 
 
 
Figure 5: Physical interaction of Vps1 and three domains of Vps1 with Chc1. For a 
positive control, cells expressing BD-p53 and AD-SV40 large T antigen (KKY 1304) 
was utilized; p53 was inserted into the bait vector (pGBKT7) (KKY 1274) and SV40 
large T antigen into the prey vector (pGADT7) (KKY 1273). Cells expressing BD-Lamin 
and AD-SV40 large T antigen (KKY 1305), which do not bind to each other, served as 
the negative control. Cells expressing only either the bait (BD-Vps1) (KKY 1275) or the 
prey vector (AD-Chc1) (KKY 1296) served as another set of negative controls. 
Following the same method, the full length of Vps1 and three domains of Vps1 were 
inserted into the bait vector and Chc1 was inserted into the prey vector. Growth of strains 
on DDO plates confirmed that those strains contained both bait and prey vectors with 
corresponding genes of interest. Cells expressing Vps1 and Chc1 (KKY 1306) grew on 
TDO, indicating that the protein interaction between Vps1 and Chc1 occurred since a 
reporter gene responsible for the histidine production was activated, allowing cells to 
grow in the absence of histidine. Similarly, cells co-expressing Chc1 and a domain of 
Vps1 (KKY 1428, KKY 1430, and KKY 1432) grew on TDO and QDO, indicating the 
activation of two reporter genes, histidine and adenine allowing cells to grow in the 
absence of environment lacking both histidine and adenine.  
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Figure 6: Vps1 does not binds to the N-terminal or the distal-domain of Chc1. A) 
Physical interaction of Vps1 and three domain of Vps1 with Chc1 N-terminal domain and 
linker consisting of 494 aa. B) Physical Interaction of Vps1 and three domain of Vps1 
with Chc1 distal domain (495-1073 aa). Diploid cells co-expressing Chc1 N-terminal 494 
aa and the full-length Vps1 or its fragment (KKY 1468, KKY 1469, KKY 1470, and 
KKY 1471) did not grow on TDO or QDO. Similarly, diploid cells co-expressing Chc1 
distal domain (495-1073) and each domain of Vps1 (KKY 1472, KKY 1473, KKY 1474, 
and KKY 1475) did not grow on TDO or QDO, confirming the absence of activation of 
the reporter genes, histidine and adenine.  
 
A 
B 
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Figure 7: Vps1 binds to the C-terminal 581 aa (1074-1654aa) of Chc1 that contains a 
proximal domain and a trimerization domain. Diploid cells co-expressing the C-terminal 
581 aa of Chc1 and Vps1 (KKY 1476), GTPase domain of Vps1 (KKY 1477), and GED 
domain of Vps1 (KKY 1479) showed growth on TDO plate, indicating the protein 
interaction resulting in the activation of the histidine reporter gene. 
 
 
 
 
 
 
 
Figure 8: Subcellular localization of Gga1-GFP. To check whether Gga1 is mistargeted to 
the endosome, Gga1-GFP was expressed in WT (KKY 1459) and vps1Δ cells (KKY 
1461). Gga1-GFP did not show any co-localization with the DsRed-FYVE, indicating 
that localization of the Gga1-GFP was not affected by the loss of Vps1.  
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Figure 9: Mislocalization of a late Golgi marker Sft2 to the vicinity of the vacuole in 
vps1∆ cells. A) Representative images of WT and vps1∆ cells, which were engineered 
to express mRFP-Sft2 and were stained by CMAC, a dye that labels the rim of the 
vacuole. B) Representative images of WT and vps1∆ cells that co-express mRFP-Sft2 
and Gga1-GFP. No colocalization of the Golgi marker Gga1-GFP with mRFP-Sft2. 
B 
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Figure 10: Quantitation of Gga1-GFP puncta in WT and vps1Δ cells. The analysis of 
average number of Gga1-GFP puncta in WT cells is 4.07±0.67, while the average number 
of Gga1-GFP puncta in vps1Δ cells is 5.8±1.20. Shown is the average of three trails 
(n=30 cells).  
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Figure 11: Increase in the number of the late Golgi in vps1Δ and vps1 mutant cells. A) 
Representative images of WT, vps1∆, and vps1 mutant cells expressing GFP-PH FAPPI 
(KKY 0751, KKY 1391, KKY 1393, KKY 1395, KKY 1400, KKY 1402, KKY 1404, 
and KKY 1406) in a single focal plane. B) Quantitative analysis data of the number of the 
late Golgi in WT, vps1Δ, and vps1 mutant cells. The mean Golgi number in WT is 5-6, 
while the numbers of Golgi in vps1Δ and vps1 GTPase mutant cells (vps1K42E, vps1S43N, 
and vps1G315D) are robustly increased, up to 12 in average. We counted 100 cells for each 
strain and did 3 experiments to get the average number of Golgi puncta. *** represents p 
value <0.01, ** represent p value <0.05. 
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Figure 13: Quantitation analysis of the percentage co-localization of Vps1 and its 
fragments with Gga1-GFP. The full length of Vps1 showed an average colocalization 
percentage of 25.4 % (± 4.0), whereas, MID, GED, and MID+GED domains of Vps1 
showed 13.55 % (± 3.2), 11.9 % (± 1.0), and 8.21% (± 3.21), respectively. This data 
indicates that the efficiency for the targeting of the MID, GED, and MID+GED domains 
of Vps1 was reduced by ~50% when compared with that of full length Vps1. Shown is 
the average of three trials (n = 30 cells). 
Figure 12: Colocalization of Vps1 and its fragments with Gga1-GFP at the late Golgi. 
Shown are the representative images that reveal the spatial overlapping of mRFP-
Vps1 and its fragments with the Golgi marked by Gga1-GFP.  
